The overlap between predator and prey is known as a sensitive parameter in multispecies assessment models for fish, and its parameterization is notoriously difficult. Overlap indices were derived from trawl surveys and used to parametrize the North Sea stochastic multispecies model. The effect of time-invariant and year-and quarter-specific overlap estimates on the historical (1991 -2007) and predicted trophic interactions, as well as the development of predator and prey stocks, was investigated. The focus was set on a general comparison between single-species and multispecies forecasts and the sensitivity of the predicted development of North Sea cod for the two types of overlap implementation. The spatial -temporal overlap between cod and its predators increased with increasing temperature, indicating that foodweb processes might reduce the recovery potential of cod during warm periods. Multispecies scenarios were highly influenced by assumptions on future spatial overlap, but they predicted a considerably lower recovery potential than single-species predictions did. In addition, a recovery of North Sea cod had strong negative effects on its prey stocks. The consequences of these findings for management are discussed.
Introduction
The Ecosystem Approach to Fisheries (EAF), nowadays worldwide on political agendas, takes into account ecosystem knowledge, considers multiple external influences and looks at the broader impact of fisheries on the entire ecosystem (FAO, 2003) , rather than trying to manage fish stocks singly. Specifically, it deals with the effects of fishing on ecosystems, the effects of ecosystems on fisheries, and the manipulation of ecosystems, such as setting harvest levels for one stock to achieve a particular state in another ecosystem component (O'Boyle et al., 2008) . This requires that multispecies interactions via predation or competition be taken into account when evaluating management decisions in an ecosystem context. In fact, the assumption that natural mortality is constant could easily result in unrealistic forecasts. Neglecting cannibalism and the predation pressure on 0-group by the increased stock of grey gurnard (Floeter et al., 2005) , the predicted spawning-stock biomass (SSB) of North Sea cod (Gadus morhua) reached up to 2 million tonnes in a single-species evaluation of the new cod recovery plan (ICES, 2008b) , which is an order of magnitude higher than the historical estimates for the period during the gadoid outburst. Moreover, such single-species evaluations do not consider the consequences of such a recovery on other fish stocks serving as prey.
A general problem in implementing the EAF is a lack of understanding of ecosystem functioning (Garcia et al., 2003) . In current North Sea stock assessments, stock-recruitment relationships have SSB as the only explanatory variable, which often results in a poor model fit. However, leaving out other key effects on recruitment might result in misleading conclusions drawn from management scenarios. To resolve this shortcoming, the effects of possible changes in stock reproductive potential (Cardinale and Arrhenius, 2000; Marshall et al., 2000) , sea surface temperature (SST; Planque and Frédou, 1999; O'Brien et al., 2000) , and bottom-up processes (Beaugrand et al., 2003) on the recruitment dynamics of cod have been addressed. A possible regime shift in the late 1980s has been associated with a change to higher temperatures resulting in substantial changes in the entire ecosystem and a reduced productivity of the demersal stocks in particular (Reid et al., 2001; Beaugrand, 2004) . In contrast, the effect of changes in the upper trophic levels on stock productivity, and therefore on recovery strategies, remains sparsely discussed. Kempf et al. (2009) , analysing the interplay between temperature and foodweb effects on cod recruitment at low stock sizes, concluded that between 1992 and 2008 the mean SST during the second quarter determined the overall level of recruitment, but above a value of 98C, the temperature effect was no longer significant and predation became more important. Apart from predator abundance, spatial predator-prey overlap played an important role in determining the predation effect on juvenile cod. Similarly, Huse et al. (2008) indicate that the effect of herring predation on the recruitment of Norway pout is # 2010 International Council for the Exploration of the Sea. Published by Oxford Journals. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org influenced by spatial overlap between the two species. Therefore, traditional multispecies assessment approaches assuming constant suitabilities-and therefore implicitly constant overlap-might be seriously flawed (ICES, 2009) .
Our objective was to investigate how climate-and predationrelated processes influence North Sea fish stock dynamics using a stochastic multispecies assessment model (SMS; Lewy and Vinther, 2004) . The model was parametrized explicitly with data collected after the supposed regime shift in the late 1980s (Reid et al., 2001; Beaugrand, 2004) , to base predictions on the current ecosystem state associated with higher temperatures. In contrast to the standard SMS, spatial predator-prey overlap was allowed to vary between years by applying overlap indices derived from survey data. Correlations between predator-prey overlap and SST were used for forecast scenarios based on further increases in temperature. The potential effect of interannual changes in spatial predator-prey overlap on the recovery of the cod stock is evaluated and an outline of the general differences between singlespecies and multispecies recovery paths is given. The consequences of recovery of the cod stock for other stocks are also evaluated.
Material and methods

Overlap coefficients
SMS (Lewy and Vinther, 2004 ) is a stochastic extension of the multispecies virtual population analysis (MSVPA; Helgason and Gislason, 1979; Pope 1979 ) that takes into account species interactions based on a size-based predation submodel and that can be run either in hindcast or in forecast mode. Predation mortality is modelled based on the suitability of the different prey species and size composition as food for each predator, a concept originally developed by Andersen and Ursin (1977) , and consumption rates. The suitability coefficient (S) is a relative measure of predator preferences and prey vulnerability.
The default SMS defines suitability of prey i for predator j in year y and season q as the product of a time-invariant vulnerability coefficient vul(i, j), a time-invariant size-preference coefficient size(i, j), and a year-invariant season-dependent overlap coefficient so(i, j, q): S(i, j, q) = vul(i, j)size(i, j)so(i, j, q).
However, we allowed the overlap coefficients to change between years, such that suitability becomes S(i, j, y, q) = vul(i, j)size(i, j)so(i, j, y, q).
Therefore, we have abandoned the concept of constant suitability coefficients. Increasing the spatial overlap coefficient for a particular prey type will increase its suitability, resulting in a higher estimate of its relative stomach content, whereas the relative stomach contents for other prey types will decrease. However, the suitability coefficients for other prey types are not affected.
The extended matrix of overlap coefficients cannot be estimated within the model, because of overparametrization, and must be given as fixed input. Overlap data for cpue per species and size class per statistical rectangle were derived from the North Sea International Bottom Trawl Survey (IBTS) available from the ICES database (DATRAS; http://datras.ices.dk/Home/ default.aspx) for a subset of the respective predator and prey species included in the model (Table 1) . Survey data covering the entire North Sea were available for the first and third quarters of all years included in the analysis (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) and for the second and fourth quarters only for 1991-1996. Schoener's (1970) spatial overlap indices (O) for all possible combinations between North Sea-wide populations of each predator entity and prey entity (species and size class) were estimated according to
|predator.fr − prey.fr|, where predator.fr and prey.fr represent the fractions of these entities caught in each statistical rectangle m for each year-quarter combination. The size classes were consistent with the stomach input data collected during 1991 (Hislop et al., 1997) .
The resulting O-matrix was further transformed to meet the input requirements for SMS, which uses overlap coefficients on a year-quarter-predator-prey basis, without considering size composition. As a first step, for each year, quarter, predator, predator length, and prey combination, a weighted-mean overlap coefficient over all prey-length classes was calculated with the respective relative stomach content of the prey-length class in the 1991 stomach dataset as the weighting factor. This ensured that only combinations also observed in the stomach-content data were taken into account and that prey-length classes more often consumed affect the mean value to a greater extent. As a second step, a weighted-mean overlap coefficient was calculated over all predator length classes for each year, quarter, predator, and prey combination, with the abundance of each predatorlength class by year and quarter as the weighting factor. To this end, age-based abundance estimates taken from the SMS key run presented by ICES (2008c) were transformed into length-based estimates using age -length keys derived from IBTS samples.
The resulting matrix remains incomplete, because no IBTS were done in the second and fourth quarter after 1996. Therefore, data for years when all quarters were sampled (1991 -1996) were used to carry out linear regressions between the estimated overlap coefficients for each predator in the different quarters. The strongest relationships found between neighbouring quarters (r 2 . 0.55 always and .0.7 except for two) were used to extrapolate the matrix for missing year-quarter combinations.
For the remaining two prey types, survey data were either unreliable (sandeel) or not available (other food). Therefore, yearinvariant quarterly overlap coefficients were estimated inside the model, assuming a greater availability of these prey items during the second and third quarters than during the first and fourth quarters, based on known system dynamics and sandeel ecology. For the remaining predators, i.e. starry ray, horse mackerel, 
Hindcasts
The hindcasts to estimate the parameters needed for model predictions were based on the same input data as utilized in the SMS key run (ICES, 2008c) , but shortened to the years after 1990. The stomach-content data used for the eight fish species included as predator were also restricted to include only the 1991 data (Hislop et al., 1997) , which contains information from around 100 000 stomachs overall. Available food composition data and consumption rates for bird species were assumed to apply from 1991 on. The model includes 16 predator species and 6 prey species, as well as other food serving essentially as a dummy variable (Table 1) .
Three different types of hindcast were done for 1991-2007 to allow for different types of forecast. A single-species hindcast utilizing constant natural mortalities from standard assessments (ICES, 2008a, d) allowed for single-species predictions (SS). One multispecies hindcast was done with year-invariant predator-prey overlap coefficients for all interactions (MS-ref) and one taking into account annually variable overlap coefficients for those predator-prey combinations allowing these to be estimated (MS).
Forecasts
To model forecasts for the recovery of the cod stock under the assumption of further warming of the sea, we evaluated possible correlations between overlap coefficients and SST. In this case, Schoener (1970) overlap coefficients were based on age groups (IBTS cpue from DATRAS) rather than length classes (except for grey gurnard) and the time-series for quarter 1 was extended to include the total year range . Data from quarters 2 and 4 were excluded, because of the short time-series available. Calculations were restricted to the most relevant combinations: predator species ≥2 years old (≥25 cm for grey gurnard) and prey at age 1 in quarter 1 and ages 0 and 1 in quarter 3. The temperature time-series utilized represented quarterly averages of the monthly estimates of mean North Sea SST as derived from the International Comprehensive Ocean-Atmosphere Dataset (ICOADS; 1-degree Enhanced), Boulder Colorado (http://www.cdc.noaa.gov/). The non-parametric Spearman rho rank tests revealed that only the combinations between grey gurnard, cod, and whiting as predators and cod as prey were significantly and positively correlated during both quarters 1 and 3 (p , 0.05; Table 2 ). Therefore, increasing temperatures caused by global warming might be expected to result in increased overlap between cod as prey and these three predators. For all other interactions, no significant correlation was found.
In all forecasts, the fishing mortality-at-age (F a ) for the different species as estimated for the terminal year in the 2008 assessment reports (ICES, 2008a, d) was used as input for 2008 and later years, except for cod. To mimic the most important features of the agreed cod management plan (EU, 2008), a 25% reduction in cod F a from the 2008 level was assumed for 2009, whereas an average F 2 -4 equal to 0.4 was set as the target for later years, but with a 20% constraint on the year-to-year variation in the TAC. Ricker's (1954) stock-recruitment relationships were fitted to the hindcast data for all stocks, except for haddock, to predict recruitment. For haddock, a geometric mean was used, because no reasonable fit could be obtained.
Seven forecast scenarios were done for 2008-2020 (Table 3) . For each scenario, 200 runs utilizing estimated uncertainties in parameter values (including stochastic recruitment) were averaged. The single-species forecast (SS) and the traditional multispecies forecast (MS-ref) based on year-invariant overlap in hindcast and forecast served as reference runs. The remaining five scenarios were based on the hindcast with annually variable overlap coefficients. MS-min and MS-max were based on extrapolating the minimum and the maximum values of these coefficients, respectively, to test the general sensitivity of the forecast results to variations in overlap. The MS-0% scenario was based on the average overlap coefficients estimated for 2005-2007, whereas MS-2.5% and MS-5% allowed those coefficients that were significantly correlated with SST (p , 0.05; Table 2 ) to increase by 2.5 and 5% per year (first increase in 2008), respectively. These rates of increase were chosen arbitrarily, because the positive non-parametric correlations do not inform us how these two parameters are correlated in a quantitative sense, although we also do not know how fast the sea will warm up.
Results
The overlap indices calculated for all combinations were, disregarding some outliers, in the range 0.05 -0.3 (Figure 1 ), but the means differed considerably among interactions. For example, the overlap values for herring as prey and cod as predator were generally lower than for other prey species of cod, and the same was true for whiting as prey and saithe as predator. Overall, overlap was apparently highly variable among years, as indicated by the coefficients of variation (CV) reaching values above 100% in some cases (Figure 1) . Compared with other interactions, the interannual variability of overlap was particularly high between cod as prey and most of its predators. The effects of the interannual variability of overlap compared with the SS and MS-ref hindcast (Figure 2) indicate that high variability for cod as prey and its predators was reflected in differences in the recruitment estimates between the hindcast assuming constant overlap and the hindcast parametrized with variable overlap. Recruitment estimates from the single-species hindcast were mostly lower than the multispecies ones for cod and consistently so for whiting. The latter were as much as twice as high, which reflects marked differences in modelled natural mortalities. Nevertheless, the temporal trend was quite similar for all hindcasts. Recruitment estimates for other species were less affected by the type of hindcast, although the absolute values differed for all species.
The SS, MS-ref, and MS hindcasts and the SS, MS-ref, MS-min, and MS-max forecasts of the development of SSB are given in Figure 3 for all six stocks (under the assumed management conditions of status quo fishing mortalities on all species except cod, which is managed according to the agreed management plan). Only for cod, the hindcast SSBs were precisely the same for all options, because mature cod are not eaten by any of the predators in the model. For all other species, the absolute values in the hindcasts differed to some extent, except that MS-min and MS-max overlaid each other, because both were based on the MS hindcast. Predicted recovery rates of cod depended strongly on the assumptions made. The SS forecast gave the highest predicted (average) SSB in 2020 of around 1.4 million tonnes (and apparently still increasing). The MS-ref resulted in an SSB recovery to some Predator-prey overlap and predicting North Sea cod recovery 250 thousand tonnes, but dropped thereafter and stabilized in 2020 around 200 thousand tonnes. The average SSB trajectory estimated by MS-min followed a similar trend, but at a much higher level, reaching close to 1.2 million tonnes in 2015, then dropping sharply to around 400 thousand tonnes in 2020. In contrast, the MS-max forecast resulted in the SSB only starting to increase in 2014 and stabilizing around 200 thousand tonnes in 2020, a level not unlike MS-ref.
The strong increase in cod SSB in the MS-min forecast was caused by an overshoot in stock biomass, because of low predation mortalities on 0-group cod (0.27 in the third quarter of 2008 for MS-min vs. 0.88 for MS-ref) . The increase was accelerated by the 20% TAC constraint resulting in fishing mortalities below the target of 0.4 (F 2 -4 ¼ 0.22 in 2013). At high SSB values, recruitment is reduced (0.88 × 10 29 in 2015 vs. 1.20 × 10 29 in 2008) and cannibalism on age 1 cod is greatly enhanced (annual predation mortality: 1.91 in 2015 vs. 0.26 in 2008). The stock could not sustain the high SSB after 2015 and the decline was accelerated by the 20% TAC constraint, because this resulted in an increase in the fishing mortality well above the target (F 2 -4 ¼ 0.72 in 2020). The stock dynamics in the MS-max forecast were completely different, because the high predation mortalities on the 0-group (1.3 in the third quarter of 2008) inhibited a strong initial increase, thereby making the 20% TAC constraint irrelevant.
All other species were strongly influenced by the trend in cod SSB, either directly or indirectly through its effect on other predator stocks. The higher the predicted cod SSB, the lower was the predicted SSB of its main prey species like whiting and herring, even almost to the point of extinction. In contrast, sandeel biomass was predicted to increase in all multispecies forecasts relative to the SS forecast, because in this case whiting was a more influential predator than cod. Single-species forecasts were not affected by the recovery of cod, because natural mortality was assumed constant.
The MS-0% scenario forecasts based on average overlap coefficients 2005-2007 for all species and no change in future years indicated that the average cod SSB would reach a maximum of 350 thousand tonnes by 2015, then drop to 250 thousand tonnes in 2020 (Figure 4) , somewhere in between the MS-min and MS-max forecasts (Figure 3a) . When the overlap between cod as prey and grey gurnard, cod itself and whiting as predators, was assumed to increase at a rate of 2.5 and 5% year 21 , the expected recovery maxima were further reduced to around an average of 300 and 250 thousand tonnes, respectively, followed by a corresponding reduction by 2020.
Discussion
Simulations
The spatial component of foodweb processes is thus far an underrepresented field of research with a large potential for giving new insights in ecosystem functioning (Ciannelli et al., 2007; Kempf et al., 2008) . Spatial distributions of all predators and prey vary yearly in response to intrinsic, environmental, and anthropogenic factors; this is reflected in the estimated overlap coefficients. The correlation analysis revealed that SST was only correlated significantly (and positively) with the overlap between cod as prey (essentially juveniles) and the three main predators of juvenile cod, whereas the tests failed for all other combinations. This suggests that the crucial response to temperature must be sought in juvenile cod, the latter moving apparently into the distribution area of these three predators when temperature increases. If it were the other way round and the predators moved into the distribution area of young cod, negative correlations in the overlap between these predators (cod, whiting, and grey gurnard) would likely have been found, as well as for prey that are less sensitive to temperature variations. Earlier studies revealed that changes in the spatial distribution of North Sea cod depend not only on climate (Perry et al., 2005; Rindorf and Lewy, 2006) , but also on density-dependent processes (Blanchard et al., 2005; Kempf et al., 2008) . The observed relationships suggest that foodweb processes could reduce the recovery potential, especially during warm periods.
We used model simulations to evaluate the effect of trophic interactions on the recovery rate of cod specifically. As in all simulations, the results were highly sensitive to the choice of input data. Specifically, it could be argued whether it makes sense to evaluate the current status of the North Sea fish stocks and even make predictions based on the 1991 set. In addition, the linear increases in overlap between cod as prey and its predators in the forecast scenarios (i.e. by 32.5 and 65% over 13 years, respectively) were chosen arbitrarily, because the further development of sea temperature conditions is highly uncertain. Moreover, the overlap between prey and predators is influenced by many other factors (including spatial differences in fishing effort, location of fronts, and spatial contraction or extension of distribution). However, the highest overlap value for the cod -cod interaction observed during 1991-2007 was 73% higher than the average value for 2005-2007 used as basis for the forecasts. Therefore, the simulated increases do fall within the historical range.
The three types of hindcast indicated that recruitment estimates are particularly sensitive to model assumptions, whereas SSB estimates are influenced to a lesser extent. This raises questions about the stock-recruitment relationships used in single-species evaluations for management plans. The fits were better in the multispecies hindcasts, yielding narrower confidence limits of the predicted recruitment in the forecasts. The values of the total negative log likelihood function (summed over all relevant stocks) were 213.1 and 237.0 in the SS and the MS-ref hindcast, respectively. This improvement is important, because most of the stochastic variation in stock predictions is determined by the uncertainties in the stock -recruitment relationship. The combination of extra uncertainty because of multispecies-related variables (vulnerability coefficients) and less uncertainty in stock -recruitment parameters resulted in lower prediction uncertainties for the multispecies runs than the single-species one (CVs for cod SSB in 2020 were 146 and 105% for SS and MS-0%, respectively). The uncertainties related to survey-based overlap coefficients could not be calculated inside the model, because these were given as fixed input. However, the fit to the stomach data were slightly better in the hindcasts with variable overlap (MS) than the reference run with constant overlap (MS-ref) .
Because of all shortcomings of this type of simulations, we will concentrate on the relative differences between the various forecast scenarios and not on the absolute values. First, the large differences Predator-prey overlap and predicting North Sea cod recovery between single-species and multispecies forecasts are obvious for all species, but particularly so for cod. Such differences are not novel (ICES, 1988 (ICES, , 1989 (ICES, , 2003 Pope, 1991) , but they do emphasize the inappropriateness of SS models to simulate long-term dynamics of the exploited fish community.
The results for MS-min and MS-max suggest that variations in spatial predator-prey overlap could greatly affect the recovery potential of North Sea cod. However, by their very nature, these scenarios only illustrate the range of possible outcomes, and realistic forecasts should lie somewhere between these two extremes.
The recovery of cod had consequences for all other stocks. The greater the forecast recovery of cod, the more negative was the effect on the population dynamics of its prey species. Rebuilding one of the major predator stocks will generally result in changes in the entire fish community in the opposite direction from those observed during its decline caused by excessive fishing. The reduced top-down impact and competition most likely helped species with a low maximum length to increase in abundance (Daan et al., 2005) . Because there are also fisheries on typical prey species, such as herring, sprat, and Norway pout, this demonstrates that the recovery of a predator also has its cost in terms of economic yield. However, for particular stocks, second-order effects could complicate the picture. Sandeel is doing well in all predictions, because the whiting stock is kept short by cod predation and low recruitment from 1991 on.
Implications for fisheries management
Long-term management plans are currently being developed as a tool for reaching objectives related to the EAF, with the aim to harvest fish stocks according to their maximum sustainable yield (MSY). A prominent example is the management plan for North Sea cod (EU, 2008) . The scientific evaluation of this plan was an essential component in the process of its creation and acceptance (ICES, 2008b) . However, only single-species evaluations have been done and this has two major drawbacks.
First, density-dependent processes, such as an increasing rate of cannibalism with increasing stock size, and direct and indirect predation effects from other species, e.g. grey gurnard and whiting, have not been taken into account. Our results demonstrated clearly that SS forecasts overestimate the likely level to which North Sea cod might recover, as well as give a false idea of the timeframe when a target biomass might be reached. This could easily result in wrong conclusions on whether a certain fishing mortality is sufficient to recover the stock with high probability. Cannibalism is the most important cause of mortality in young (age groups 1 -4) Northeast Arctic cod (Bogstad et al., 2000; Yaragina et al., 2009) , and this factor is likely to become more important also in the North Sea, when the stock there starts to recover. In principle, cannibalism could be incorporated with relative ease in single-species models and it does not require a full multispecies model. Density-independent direct and indirect predation processes, however, are hard to incorporate in a singlespecies evaluation framework, except by including stochastic variations in natural mortalities to test the robustness of management plans. As long as predation mortalities vary without trend, this might be sufficient, but for a future trend, serious bias could be introduced.
The second shortcoming is that the consequences of a recovery of North Sea cod for other species have not been evaluated, although the EAF requires that the entire ecosystem be able to sustain the effects of management decisions (FAO, 2003; Garcia et al., 2003) . To meet this requirement, the target fishing mortalities for dependent prey species would have to be revised. Although there is no need to use complex models, such as SMS, in standard assessments, the general knowledge gained from these models should be taken into account.
The limitations of the single-species approach in guiding management decisions on recovering stocks and maximizing yield from individual species, irrespective of the consequences on other stocks, are not novel (Pope, 1991; Sissenwine and Daan, 1991) . Because of the predator-prey interactions, it is impossible to reach all MSY targets as defined by single-species assessments simultaneously (ICES, 2008c) . This is particularly relevant in an overexploited ecosystem, where interactions between different components reflect the exploited, rather than the undisturbed, system. In such a case, trying to recover one major predator stock could result in unexpected and disappointing effects on the target species and quite harmful effects on others.
